Testi et al. show for the first time that a protein effector secreted by an oomycete is active on evolutionary distant organisms byinhibiting the autophagic flux. This property help oomycete pathogens to to succeed infection.
Introduction
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To support co-localization of AVH195 and ATG8, soluble and microsomal proteins were prepared from tobacco leaves expressing both GFP-AVH195 and RFP-CrATG8, and were analyzed by Western blotting. An anti-ATG8 antiserum detected RFP-CrATG8 in almost equal amounts in both soluble and microsomal fractions ( Fig 4B) . By contrast, GFP-tagged AVH195 was solely detected in the membrane-associated protein fraction. These findings confirm the microscopic observation that a portion of CrATG8 co-localizes with AVH195 at membranes.
To investigate a potential membrane-associated interaction between AVH195 and ATG8, we used the mating-based split-ubiquitin yeast two-hybrid system (mbSUS), which has been developed to detect the interactions between membrane-anchored proteins and their partners (Grefen et al., 2009) .
Yeast transformants expressing the native Avh195 bait with the CrATG8 prey readily grew on selective medium, indicating physical interaction between the two proteins ( Fig 5A) . We then tested three members of the ATG8 family from Arabidopsis. We selected AtATG8D, AtATG8G and AtATG8H as representatives of the three established clades (Seo et al., 2016) . Yeast cells expressing the native AVH195 bait and the AtATG8 preys were able to develop on selective medium, although vigor of growth was strongest with AtATG8H as the prey and weaker with AtATG8D and AtATG8G ( Fig 5A) . Yeast cells expressing the triple AVH195 AIM mutant as bait were severely compromised for growth on selective medium ( Figure 5B ). Taken together, these results indicate that AVH195 associates with ATG8 in membranous compartments of the cell, and that this interaction is mediated by the canonical AIMs of the effector.
Heterologous expression of Avh195 in Chlamydomonas does not impact vital fitness parameters
To estimate whether AVH195 interferes with the core autophagic process, we transformed Chlamydomonas reinhardtii. The C. reinhardtii nuclear genome has a GC content of ~ 65% (Merchant et al., 2007) . We thus designed a synthetic Avh195 coding region (without the signal peptide) with a codon usage adjusted to the algae, that was introduced into the cell line dw15.1, which is devoid of a cell wall (see Methods). Transformants were first selected for the presence of the transgene on a set of 101 independent lines. A further selection step assessed the expression of the transgene using RT-qPCR on a total of 8 independent transformant lines revealed that the relative mRNA level of Avh195 greatly varied from one transformant to an other, likely due to positional effects (Cerutti et al., 1997) . We retained three independent lines, N15, N26, and C40 for all further analysis.
To characterize a potential impact of transgene expression on the global fitness of the transformants, we synchronized the cultures by alternating light and dark periods over 24-hours. We stimulated autophagy by supplementing cultures with 0.5 µM rapamycin, a concentration that does not affect vital parameters of Chlamydomonas (Crespo et al., 2005) . We avoided using higher concentrations of rapamycin, which induce drastic changes in synchronized cultures, such as a marked 7" " decrease in cell number, an increase in the mean cell volume, and an arrest of proliferation (Juppner et al., 2018) , to analyze subtle phenotype changes that we expected to be induced by Avh195.
To assess effects of transformation on Chlamydomonas physiology, we analyzed several vital parameters by spectral flow cytometry over a circadian cycle of 24h. Cell size was measured by forward light scattering (FSC), and the complexity of cellular structure by side light scattering (SSC).
Cell proliferation rate was assessed by measuring the dilution of the fluorescence intensity of 5-,6carboxyfluorescein succinimidyl ester (CFSE) upon cell division (Lyons, 2000) . The addition of 4′,6diamidino-2-phenylindole (DAPI) to the cells allowed evaluating cell death. Finally, autofluorescence of the cells reflected potential changes in the chlorophyll content of cultures. As a rule, the different parameters were tightly connected to the circadian cycle. Cell proliferation predominantly occurred during the night, but stagnated under light, whereas all other parameters (including DAPI) reached a peak after 12h of light and decreased during the night until reaching a level similar to that observed at the beginning of the analysis (T 0 , Supplementary Figure S1 ). Wild-type (Wt) and transformant cultures increased cell number with similar kinetics and to similar magnitudes over the light period and decreased likewise. In addition, no significant difference was observed between untreated and rapamycin-treated cultures (Supplementary Figure S2) , confirming that the mild doses of the drug do not affect vital parameters of Chlamydomonas cells (Crespo et al., 2005) . Only slight differences between cell lines were observed, which likely reflected individual variations rather than a global trend. We thus concluded that transformation and expression of Avh195 had no incisive effects on the physiology of the cultures.
AVH195 slows down autophagy in Chlamydomonas reinhardtii
We then compared the subcellular organization of Wt and transformed Chlamydomonas cultures using transmission electron microscopy (TEM). The major difference between untreated cells that express or do not express Avh195 was the accumulation of starch granules to obvious higher amounts in transgenic lines ( Fig 6A, left column) . Starch content in Chlamydomonas is under tight control of the circadian clock, reaching a minimum in the middle of the light phase at 6h in a 12h diurnal rhythm (Ral et al., 2006) . We thus compared the average number of starch granules per cell in Wt and transgenic cultures that were supplemented or not with 0.5 µM rapamycin. The measurements were performed at 4h and 8h after the beginning of the light phase (and after addition of rapamycin), to evaluate starch accumulation at the end of the degradation phase and the beginning of synthesis. The number of granules was significantly higher in cells from the three transformants, when compared to Wt cells, both at the end of degradation and the beginning of synthesis ( Fig 6B) . Increased starch accumulation in Avh195-expressing cells was independent of rapamycin treatment, as no significant difference was observed between untreated and treated cultures ( Fig 6B) .
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Another rapamycin-independent difference between Wt and transformant cultures was observed at higher TEM resolution. Avh195-expressing cells accumulated electron-dense, lysosomelike structures, which did not evolve over the 24h-day/night cycle (Supplementary Figure S3 ). This observation suggested that AVH195 interferes with basal autophagic flux in the transformant cells.
Upon rapamycin treatment, empty vacuoles fused to form a predominant, large vacuole in Wt cells as soon as 4 h after onset of treatment ( Figure S4 ). To determine the dynamics of vesicle fusion and the formation of a central vacuole in a quantitative manner, we measured the surface of the biggest vacuole in individual cells on 4 to 5 TEM micrographs that represent about 10 cells each. The surface of vacuoles in Wt cells increased constantly to maximum sizes at 12h after rapamycin treatment ( Fig 6C) . By contrast, cells from the 3 transgenic lines appeared impaired in vacuole merging, as they maintained significantly smaller vesicles over the initial 12h of treatment. The differences in vacuole size between the Wt and the transgenics were no longer observed after 24h of treatment ( Fig 6C) . At higher TEM resolution, transformant cells displayed an accumulation of various cytoplasmic debris and organellarlike structures over time of rapamycin treatment ( Fig 6D) . We assumed that these structures were autophagic bodies and their debris, which accumulate in vesicles of the transformant cells to witness impaired autophagic flux.
Observations similar to what we describe for Avh195-expressing cells were previously made in Chlamydomonas cells that were treated with Concanamycin A, a drug that inhibits autophagic flux (Couso et al., 2018) . We thus attempted to validate this hypothesis by measuring the accumulation of Taken together, our results from TEM and molecular analyses indicate that AVH195 interacts with ATG8 to delay the autophagic turnover in Chlamydomonas, which is illustrated by delayed formation of vacuoles, the inability of small vesicles to fuse with vacuoles, the accumulation of cellular debris within vesicles, a marked accumulation of starch granules, and by an increased accumulation of 9" " membrane-associated ATG8. We therefore suggest that AVH195 delicately alters the dynamics of the autophagic flux, rather than blocking the process completely.
Expression of Avh195 in Arabidopsis promotes infection by oomycete pathogens
We generated transgenic Arabidopsis lines (ecotype Col-0) harboring the Avh195 coding region under the control of the constitutive Cauliflower Mosaic Virus (CaMV) 35S promoter. We selected 2 independent transgenic lines that accumulate significant amounts of effector transcripts. Arabidopsis is non-responsive to rapamycin (Mahfouz et al., 2006) , but plant autophagy is activated for energy production at night (Izumi et al., 2013) To assess the consequences of Avh195 expression on pathogen development, seeds from homozygous transgenic lines and from the Wt were inoculated with zoospores from P. parasitica (see Methods).
The development of the oomycete within plant tissues was then determined by RT-qPCR using samples of infected plants that were collected 10h, 20h, 30h, 48h, 96h, and 144h after inoculation. We correlated the development of oomycete biomass within plant tissues with the expression of the P. parasitica gene WS41, which is widely accepted as being constitutively expressed during plant infection (Attard et al., 2014; Yan and Liou, 2006) . Phytophthora transcripts became clearly detectable at 20hpi and accumulated to significantly higher levels in the two transgenic lines, when compared to the Wt (Fig 8B) . The differences in biomass increase between the transgenic lines and the Wt were still detected at 144 hpi. We thus concluded that plants expressing Avh195 were significantly more susceptible to P. parasitica than Wt plants. To test whether AVH195 confers susceptibility to an oomycete with a different infection strategy, we inoculated plants from the transgenic lines and from the Wt with the obligate biotrophic pathogen, Hyaloperonospora arabidopsidis (Hpa). To estimate the infection success, we determined the amount of asexual conidiospores that are produced at the end of the infection cycle (Hok et al., 2011) . Sporulation rates were significantly higher in plants from the transgenic lines, when compared to the Wt (Figure 8C ). To determine whether the increase in sporulation rates on the transgenic lines was correlated with an increased infection success, we analyzed the extent of hyphal growth in leaves at an early stage of infection (24 hpi) in plants from the Wt and the transgenic lines. In both transgenic lines, initial hyphae developed much better than in the Wt (Figure 8D and Supplementary Figure S5 ). Taken together, our data strongly suggest that AVH195 10" " slows down autophagic flux through interaction with host ATG8 to promote biotrophic growth of oomycete pathogens.
Discussion
In this study, we show in different photosynthetic systems that the P. parasitica AVH195 effector interferes with autophagy through interaction with ATG8. The effector slows down autophagic flux to favor pathogen development within host tissues. To decipher the precise mechanisms underlying the modulation of autophagy by AVH195, we developed functional analyses on the green algae C. reinhardtii. To our knowledge, we provide the first report that an oomycete effector is active in a non- inhibitor of autophagic flux. We also noted increased accumulation of starch in transformants that is illustrated by an increase in starch granules in the cells. Starch has been shown to accumulate in plants treated with 3-methyladenine (3-MA), an autophagy inhibitor, as well as in atg mutants (Wang et al., 2013) . All our convergent observations strongly suggest that AVH195 negatively modulates autophagy in a transient manner.
Studies of the molecular processes underlying programmed cell death during the HR revealed that autophagy contributes to this mechanism (Liu et al., 2005) . A particular role for autophagy was shown in the delimitation of cell death, as atg6 mutants are unable to restrict spreading of the HR induced by viral and bacterial pathogens (Patel and Dinesh-Kumar, 2008) . However, other studies rather revealed a 'pro-death' function of autophagy in the execution of HR triggered by avirulent pathogens in Arabidopsis (Hofius et al., 2009 ). This apparent contradiction was evoked in a number of additional reports, indicating a contribution to the outcome of plant-microbe interactions more subtle 25" " Immunoblotting of soluble and microsomal fractions prepared from N. bentamiana leaves transiently co-expressing GFP-tagged AVH195 with free RFP, RFP-tagged ATG8 with free GFP, and GFPtagged AVH195 with RFP-tagged ATG8. Soluble and membrane-associated proteins were revealed with antisera directed against ATG8 and GFP. An antibody recognizing the photosystem II PsbO protein was used for loading control. Note that the ATG8 antiserum recognizes the 55 kDa prestained protein of the PageRuler Protein Ladder (M). A. Accumulation of ATG8 in microsomal fractions from the wild-type (Wt) and from 2 independent transgenic lines expressing Avh195. In the dark, transgenic lines maintain higher quantities of membrane-associated ATG8 than the Wt. An antibody recognizing the PsbO protein was used for loading control. Note that the PsbO antibody reveals a single band in microsomal extracts from Arabidopsis, whereas two distinct isoforms are detected in N. benthamiana (Figure 4) 
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